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Introduction
Neurological examination in clinical practice is almost qualitative or semi-quantitative. In the evaluation of muscle weakness, except hand-grip strength, for example, we evaluate muscle-power grading according to the Medical Research Council (MRC) scale, which ranges from 0 to 5 [1] . Tremor severity is graded through several scales, such as Fahn-Tolosa-Marin tremor rating scale [2] and/or the essential tremor rating assessment scale (TETRAS) [3] , and cerebellar ataxia is often evaluated using the International Cooperative Ataxia rating scale (ICARS) [2] and/or the Scale for the Assessment and Rating of Ataxia (SARA) [3] . These semi-quantitative scales are influenced by the examiner; thus, the results often vary depending on each examiner's skill level, and the results are less objective. One of the purposes of this study is to make qualitative neurological examinations quantitative. We developed a simple quantitative method for diagnosing tremor and cerebellar ataxia by using a smartphone, which is already used worldwide.
Process on smartphone and server
The subject traced the printed reference spiral with a red pen from the outside.
The traced paper was photographed with a smartphone, and data were sent to the server.
Based on the image data, the server calculates the total length of the hand-drawn spiral and the total deviation value between the reference and hand-drawn spirals. The server also estimates the diagnostic probability through AI.
Quantitative evaluation
By deforming the hand-drawn image by using the markers at the four corners, the reference spiral line can be accurately recognized from the relative position to the marker. Next, for all points on the reference spiral, we identified the point on the red hand-drawn line closest to the reference spiral on the normal vector. As such, points constituting 1860 hand-drawn lines were obtained.
The total length of the hand-drawn spiral is the sum of the distances between adjacent points to the points that make up 1860 hand-drawn lines. We define the percentage of spiral length as (length of the hand-drawn line/length of the reference spiral line) × 100. The total deviation area was calculated as follows. For the points J o u r n a l P r e -p r o o f Journal Pre-proof composing the 1860 hand-drawn lines, we measured the distance between the point on the reference spiral and the corresponding hand-drawn line composing the point. The value obtained by multiplying the measured value and the distance between the adjacent reference points was calculated, and their sum is defined as the "deviation area".
AI as a diagnostic tool
The convolutional neural network (CNN) was originally described by LeCun [9] and is one of the most popular neural network algorithms for pattern recognition.
The CNN operation is particularly advantageous in finding local patterns, such as edges, sharps, lines, or other visual elements in images [10] . In this study, the authors used the popular and standard CNN method [11] , as indicated in Fig. 2 .
The image data sent from the smartphone were resized to 128 × 128 pixels, and the hand-drawn thick line was treated as a thin line with the middle points of the line width as a representative. Multiple filters were applied on to the two convolutional layers to generate multiple feature maps. In addition to the convolution layers, a max-pooling layer was used to perform reduction, and a softmax layer was used to perform classification. Rectified linear unit (ReLu) [12] is conventionally used as an activation function for the neural networks. For modeling categorical probability J o u r n a l P r e -p r o o f Journal Pre-proof distributions, we used softmax as an output activation function [13] . Classification was performed through probability distributions (percentage) so that the total is 100%.
From 171 hand-drawn images (69, 46, and 56 for NC, ET, and CD, respectively), 139 images (55, 38, and 46 of NC, ET, and CD, respectively) were randomly selected as a dataset and used as machine-learning data. The CNN system was trained using this dataset. The remaining 33 images (13, 9, and 11 for NC, ET, and CD, respectively) were classified into three groups (NC, ET, or CD) by using the trained CNN. The dataset for machine learning was randomly selected five times, and the remaining 33 images were classified using CNN.
Statistical analysis
We performed statistical analysis for patient's characteristics and quantitative tremor severity (%spiral length and deviation area) among the three groups (NC, ET, and CD) using the following methods: for continuous variables, we used the Table 1 summarizes the patients' characteristics in this study. Forty-one NCs (age 67.4 ± 10.9 years), 24 patients with ET (age 73.0 ± 12.4 years), and 26 patients with CD (66.1 ± 12.4 years) participated in this study. The three groups showed no significant differences with respect to age and sex. A total of 69, 46, and 56 hand-drawn spirals were obtained from NCs and patients with ET and CD, respectively. J o u r n a l P r e -p r o o f Journal Pre-proof 3.3 
Results

Patients' characteristics
Quantification of tremor severity
. AI diagnosis
We defined "AI diagnosis" as the largest probability distribution diagnosis among NC, ET, or CD and compared it with actual diagnosis. Table 2 demonstrates the sensitivity, specificity, and accuracy of the AI diagnosis. The specificity in NC and CD were more than 80%, although the sensitivity of the three groups was less than 65%.
Accuracy showed 79%, 70%, and 73% for the NC, ET, and CD groups, respectively. 
Discussion
In this study, we demonstrated the following. (1) The quantitative tremor severity calculated through our system strongly correlated with clinical severity scale.
(2) The quantitative hand-drawn spiral analysis conducted using the smartphone-based application could differentiate between NCs and patients with ET or CD. (3) AI-based diagnosis (NC vs. ET or CD) with machine learning of the hand-drawn spiral images showed 85% specificity and 79% accuracy.
Quantitative analysis of hand-drawn spirals
The calculated quantitative tremor severity strongly correlates with clinical severity scale, suggesting that the proposed method reflects clinical symptoms accurately. Furthermore, this smartphone-based spiral analysis could calculate the length and deviation area of the hand-drawn spiral through a built-in camera, by which we could assess the changes of symptom severity quantitatively.
Most of the previous studies on digital spiral analysis were conducted using a digital tablet [14] [15] [16] . These digital tablet-based analyses obtained 4-dimensional information of spiral writing such as spiral shape (X-and Y-axes), pen pressure (Z-axis), and writing speed. These data were analyzed mathematically, such as by using fast J o u r n a l P r e -p r o o f Journal Pre-proof Fourier transform, thus resulting in several parameters including mean pressure, pressure power, pressure frequency, drawing smoothness, and index of the spiral loop-to-loop width variability [14, 16] . Such a system is not simple and cannot easily be applied to clinical practices.
In contrast to these previous studies, less information, such as the two-dimensional spiral shape, was obtained in the current study. This resulted in fewer data on tremor quality; however, this simple system proved sufficient for quantifying tremor severity and differentiating whether patients' tremor was pathological. Our application on a smartphone with a built-in camera is easy-to-use and does not require the preparation of additional equipment such as tablets and PCs.
This application could not detect significant differences in %spiral length between ET and CD. Conducting a post hoc power analysis based on the statistical power of 0.8, 104 patients were required in each group. Thus, no significant differences in %spiral length might be caused by a small sample size.
AI for tremor diagnosis
In this study, our application showed 79% accuracy in differentiating NC vs.
non-NC (ET or CD) in patients with tremor. No previous studies have diagnosed tremor J o u r n a l P r e -p r o o f Journal Pre-proof by using AI with hand-drawn spirals; thus, it is unknown whether the obtained accuracy is high or low.
Recently, AI-based diagnosis in neurology has spread significantly, especially in imaging studies [17] . For example, Kiryu et al. [18] demonstrated AI-based diagnosis for Parkinsonism, such as Parkinson's disease, progressive supranuclear palsy, and multiple system atrophy, by using brain MRIs, with accuracy of almost 95%. One of the reasons for the lower accuracy of our study in comparison could be the low sensitivity (44%) of the diagnosis of ET.
Through the five cross-validation tests, 16% and 27% of the ET spirals were misdiagnosed as NC and CD, respectively. The spirals of ET patients with low severity (mean = 1.4) were judged as NC, whereas the severity of ET patients mistaken for CD (mean = 2.6) was almost the same as the total ET severity (mean = 2.3). We consider the low sensitivity of ET for the following reasons: (1) slight tremors in NCs, including physiologic or senile tremor may generally be difficult to differentiate from mild ET [19] , and (2) the pathophysiology of ET contains elements of cerebellar dysfunctions [20] . These problems might be solved by learning more spirals and using patients' age as a parameter in the application.
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Clinical implication
The use of a smartphone-based application has four advantages in clinical practice. First, in contrast to previous studies [14] [15] [16] that used tablets and PCs, our system consists only of the use of a smartphone and its built-in camera. This implies its easy distribution to general physicians and ease in updates. Furthermore, additional equipment is not needed for its preparation. Second, quantification of the tremor's characteristics may help in the objective evaluation of its treatment. Third, by using this application, people with shaking limbs could decide whether they should visit a doctor, and general physicians could decide whether they should refer patients with tremors to a neurologist. Fourth, this application has a high expandability to add other diseases in the AI diagnosis because we used simple spiral images for machine learning. Thus, in the future, it may be possible to differentiate other tremorigen syndromes such as have different components of tremor even if showing only cerebellar dysfunction in neurological examination. Moreover, people with physiologic tremors and tremors, such as Parkinson's disease or dystonia, were not enrolled. Second, results could have been affected by the quality of the paper and pen. As such, the normal range should be set carefully. Third, because the accuracy of AI diagnosis remains at a low level of 7080%, AI diagnosis is just one of assistant tools in clinical practice.
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Conclusion
We demonstrated that our smartphone-based application could quantify tremor severity though hand-drawn spirals and would help in the AI-based diagnosis of patients with tremors. This study indicates the possibility of using a smartphone as a medical examination tool, and demonstrates the application of AI in neurological examinations. 
